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INEXPENSIVE  CAPILLARY  DISCHARGE  X-RAY  LASER  DRIVER. 
INTERMEDIATE  TECHNICAL  REPORT  FOR  PHASE  I 


A.  M.  PANIN  1.29.93 

In  this  report  we  present  the  results  of  our  search  for  lasing 
schemes  using  a  collisional  pumping  mechanism  of  active  level 
population  suitable  for  a  capillary  discharge  plasma. 

We  have  performed  atomic  data  calculations  which  give  us  accurate 
figures  for  energy  level  positions  for  Ne-like  Ar,  including  highly 
excited  levels  which  have  not  been  studied  experimentally  and  which 
are  of  significant  interest  for  short-wavelength  lasing.  We  also 
calculated  radiative  transition  probabilities  as  well  as  branch 
coefficients  for  transitions  of  interest  for  lasing.  The 
calculations  were  performed  not  only  for  Ne-like  ions  but  also  for 
Ni-like  ions  of  krypton  and  molybdenum,  as  the  Ni-like  scheme  seems 
to  be  promising  for  scaling  to  lower  wavelengths.  Using  the  results 
of  these  calculations,  we  are  able  to  predict  possible  laser  lines 
and  to  estimate  their  relative  intensities. 

The  Ne-like  scheme  for  laser  operation  with  electron-collisional 
pumping  was  predicted  in  [1,2].  The  validity  of  this  scheme  was 
confirmed  by  several  experiments  with  laser-produced  plasma.  We 
mention  here  just  a  few:  for  Ne-like  Se  [3],  Y  [4],  Ti  [5],  Cu  [6], 
and  Ge  [7-9],  showing  the  trend  to  heavy  elements  with  decreasing 
laser  wavelength.  Experiments  with  Z-pinch  driven  Ne-like  Kr  lasers 
are  under  performance  now  [10] . 

The  Ni-like  laser  scheme  is  similar  to  that  for  Ne-like.  However, 
it  is  surprising  that  the  first  observations  of  4-4  transitions  in 
heavy  Ni-like  ions  were  done  without  a  detailed  experimental 
investigation  of  the  energy  structure  of  the  ions  that 
characterizes  both  schemes  as  stable  and  reliable  [11,12].  The 
experimental  observations  of  lasing  in  Ni-like  Eu,  Yb,  and  W  have 
demonstrated  the  advantage  of  the  Ni-like  laser  scheme  compared 
with  the  Ne-like  scheme  [11,12].  To  date,  laser  produced  plasmas 
are  the  main  source  for  laser  gain  studies  for  transitions  in 
multicharged  ions.  It  was  shown  that  induced  laser  radiation  at  the 
4-4  transitions  of  Ni-like  ions  is  created  with  a  density  flow  of 
primary  laser  irradiation  of  lO^'^-lO^^  W/cm^.  However,  for  the  same 
wavelength  region,  laser  radiation  at  the  3-3  transitions  of 
Ne-like  ions  needs  a  higher  flow  of  more  than  10'-  W/cm^  [11,12], 
These  differences  in  plasma  parameters  can  be  explained  by  the 
difference  in  excitation  energy  of  the  2p'  and  the  3d'‘’  core  shells 
under  the  condition  of  equal  3p-3s  and  4d-4p  transition  energy  in 
Ne-like  and  Ni-like  ions,  respectively. 


Theoretical  investigation  of  the  Ne-like  isordoctroni c  sequence 
spectroscopic  properties  was  performed  by  a  numl^er  of  authors 
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Theoretical  investigation  of  the  Ne-like  isoelectronic  sequence 
spectroscopic  properties  was  performed  by  a  number  of  authors 
[13-16].  Experimentally  it  was  investigated  up  to  Z  =  60  (for  3-2 
transitions)  [17] .  The  Ni-like  isoelectronic  system  has  been 
studied  much  less.  The  results  of  experimental  investigations  of 
Ni-like  ion  energy  levels  for  Z  =  30-50  are  summarized  in  [18]  . 
Measurements  of  the  energy  of  AJ=1  resonance  transitions  for  heavy 
(Z  >  60)  Ni-like  ions  were  analyzed  in  [19]  .  Recently,  a  tew  works 
have  appeared  which  are  aimed  at  a  detailed  study  of  the 
spectroscopic  properties  of  Ni-like  ions  [20,21].  A  theoretical 
investigation  of  Ni-like  x-ray  lasers  resonantly  photopumped  by 
Lyman-alpha  radiation  was  presented  in  [22] .  We  will  present  the 
calculations  of  energy  levels  positions  and  lifetimes  of  these 
levels  in  Ne-like  argon,  and  Ni-like  krypton  and  molybdenum.  The 
calculations  include  highly  excited  states  arising  from  the 
excitation  of  2s  electrons  in  Ne-like  ions  and  3p  electrons  in 
Ni-like  ions.  These  states  may  be  excited  in  a  different  kind  of 
experimental  plasma  source.  However,  experimental  investigation  of 
the  energy  structure  of  these  levels  is  difficult  because  of  the 
high  spectrum  density  and  the  superposition  of  many  lines.  Thus, 
atomic  data  calculations  for  highly  excited  levels  can  provide  new 
ideas  for  generating  shorter  wavelength  laser  lines. 


METHOD  OF  CALCULATION 

The  calculations  were  performed  by  the  Relativistic  Perturbation 
Theory  Method  with  the  Model  Potential  of  zero  approximation 
(RPTMP) .  This  method  is  reliable  for  calculating  energy  levels  for 
various  isoelectronic  sequences.  RPTMP  is  especially  successful  in 
the  calculation  of  rate  constants  of  processes  involving 
multicharged  ions,  photons,  and  electrons  [23].  A  detailed 
description  of  our  calculation  model  is  given  in  [13].  Here  we 
outline  the  foundations  of  our  approach  which  is  called  the  energy 
approach  [24]  .  In  nonrelativistic  theory,  the  field  form  procedure, 
connected  with  the  diagonalization  of  the  secular  matrix,  is  the 
standard  method  for  the  calculation  of  the  energy  shift  E  of 
degenerate  atomic  states  [25,26]  .  Our  approach  is  based  upon  the 
Gell-Mann  and  Low  adiabatic  formula  and  the  perturbation  expansion 
of  the  scattering  matrix.  We  use  an  analogous  scheme  with  the 
electrodynamic  scattering  matrix  [24]  .  The  perturbation  expansion 
for  the  energy  has  only  even  powers.  The  contributions  are  usually 
presented  in  the  form  of  Feynman  diagrams.  An  important  advantage 
of  the  approach  is  the  effective  inclusion  of  high-order 
perturbation  theory  (PT)  corrections  [27] . 

In  this  calculation,  attention  is  directed  to  finding  the  most 
suitable  description  of  the  zeroth  approximation,  one-particle 
energies  and  wave  functions.  Onc-electron  and  one- vacancy  energies 
are  counted  from  the  Is-'  2s-'  2p'  core  for  Ne-like  ions  and  from  the 
Is^  2s^  2p®  3s'  ip"'  3d"'  core  for  Ni-like  ions.  By  definition  the 


total  energy  of  one  electron  (or  vacancy)  over  the  core  is  the  sum 
of  all  one-particle  diagrams  of  all  orders  of  the  perturbation 
theory.  Precisely  determined  n  one-particle  energies  allow  the 
computation  to  take  into  account  the  major  part  of  the  correlation, 
relativistic,  and  electrodynamic  effects  already  in  the 
zeroth-order  perturbation  theory.  It  should  be  stressed  that  the 
convergence  of  the  perturbation  series  and  the  accuracy  of  the 
final  results  are  determined  in  large  measure  by  the  quality  of  the 
one-particle  basis  function. 

The  total  Hamiltonian  of  the  system  is 


(1) 


where  the  summation  extends  over  the  total  number  of  electrons  N^; 
h(r)  is  the  one-electron  Dirac  Hamiltonian  for  an  electron  in  the 
nuclear  Coulomb  field,  and  o,  are  Pauli  matrices  and  u  is  the 
energy  difference  of  the  initial ^and  final  two-particle  states.  The 
one-particle  wave  function  of  the  zeroth  approximation  is 
determined  by  the  solution  of  the  relativistic  Dirac  equation 


whose  eigenvalue  is  the  exact  (empirical)  energy  of  a  vacancy  E,,,,. 
or  of  an  electron  E^i  with  the  electrodynamic  correction  subtracted 
out.  We  present  the  model  potential  for  N-electron  core  in  ’'ho 
form; 


V^  =  V^{I0  ^V^(L)  +V^{M)  +V^{J\0  +.  .  . 


(3) 


where  Vc(K)  ,V^(L)  ,V^(M)  ...  are  responsible  for  potentials  of  the 

K,  L,  M  shells; 


V^iK)  =2  [l-e'^"^{l+rb^)  ]  tz 


(4) 
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V^[L)  =8  [l-e'''**{l+0.75rjb2+0.25r2ij|  +  0.625r3jb2^]  /r 
V^m  =18  [1-e'^^  (l+-|rjb3+-|r2i^^  +  ^r3i333]  /r 


(5) 


(6) 

The  potential  parameters  bj,b2,bj  were  determined  by  our  previous 
studies  of  isoelectronic  sequences  with  one  particle  (electron  or 
vacancy)  over  different  kinds  of  cores  [33,  34] .  For  a  10-electron 
core  (Ne-like  ions)  the  model  potential  used  was  [33] 


V^=Vc{lO  +V^{L) 


(7) 


For  a  28-electron  core  (Ni-like  ions)  the  model  potential  used  was 
[34] 


V^=V^{fO  +VJL)  +Vp(A0 


(8) 


Correctly  chosen  values  of  the  adjustable  parameter  b(nlj/Z)  meet 
the  conditions: 

•f(r)-0,  g{z)-*Q  at  (9) 


where  f(r)  and  g(r)  are,  respectively,  the  large  and  small 
components  of  the  Dirac  wave  functions.  The  perturbation  operator 
is  then 


H, 


^  a 


(10) 


The  excitation  energy  of  a  state  J,  Mj  is  represented  in  the  form 
of  a  perturbation  theory  series,  i.e., 

)  =E°An^lJi)  +EU)  + .  .  .  (11) 


where  (n,,  1;,  j  J  ,  E^.^J’ (n.,  1;-,  j^)  are,  respectively,  the  exact 

(empirical)  one-particle  energies  of  the  electron  above  the  core 
and  vacancy  in  the  core.  In  the  first  PT  order,  it  is  necessary  to 
calculate  only  the  matrix  elements  of  the  operator'  for  the 
electron-vacancy  interaction,  that  is 
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|exp  (iwxia) 


l-aia2 


■12 


=  [(2ji-H)  {2jl'+l)  (2J2+1)  (2j2'+l)]^/=“x 

J  7'"  >0^(12;  2'!')  il^L*'lQ^{i2' ;!'  2)  ]  (12) 


Q^  is  expressed  through  Slater  integrals  and  angular  multiplies. 
Its  determination  is  explained  in  [13]. 

Our  study  of  the  spectroscopic  properties  for  different  kinds  of 
atomic  systemis  has  shown  that  in  many  cases  the  accounting  for  the 
higher-order  perturbation  theory  corrections  are  important.  A 
method  of  accounting  for  higher-order  perturbation  theory 
corrections  was  proposed  in  [27] .  Second  and  higher-order  PT 
Feynman  diagrams  are  analyzed,  and  a  simple  method  of  accounting 
for  them  is  discussed  [27] .  This  method  is  especially  effective  in 
the  calculation  of  Ne-like  and  Ni-like  ion  energy  states.  In  both 
kinds  of  ions  there  are  singlet  levels  with  J=0,  or  J=1 
characterized  with  a  strong  state  interaction  (superposition  of 
states) .  These  states  are  sensitive  to  the  way  correlation  effects 
are  taken  into  account.  Some  of  these  states  are  the  active  laser 
levels,  so  the  accuracy  of  the  theoretical  prediction  for  these 
states  is  important.  The  energies  of  levels  2P3/2  Bp,/.  [J=0]  in 
Ne-like  ions  and  4d^;2  [J=0]  in  Ni-like  ions  have  errors  of  » 
4  eV  if  the  usual  theoretical  approaches  are  used  to  do  the 
calculations  [28]  .  These  approaches  do  not  account  for  the  higher- 
order  PT  corrections.  Our  method  allows  us  to  reduce  the 
computation  error  for  the  energy  levels  in  Ne-like  ions  to  the 
value  of  o  1  eV  and  those  in  Ni-like  ions  to  »  0.2  eV.  Experimental 
information  about  the  energy  structure  of  highly  excited 
configurations  is  scarce  in  the  literature  both  for  Ne-like  and 
Ni-like  ions.  This  is  explained  by  difficulties  in  energy 
transition  measurements  by  the  usual  techniques  because  of  line 
blending  caused  by  the  dense  spectra.  As  a  rule  the  accuracy  of  the 
theoretical  predictions  of  highly  excited  level  positions  also 
decreases . 

The  energy  level  positions  for  3d  4f  [J=l]  states  were  obtained  by 
measuring  resonance  lines  in  Rb  X-Sn  XXIII  [29]  .  The  results  of  our 
calculations  for  these  energies  for  Mo  XV  are  not  in  good  agreement 
with  the  measurements  [29]  (see  Table  2)  .  We  did  the  calculations 
and  comparisons  of  energy  levels  for  the  3d4f  configuration  for 
other  Ni-like  ions  with  z  =  47-50  and  obtained  much  better 
agreement  between  theory  and  experiment.  Based  on  the  set  of 
calculations  and  the  comparisons  with  experimental  values  for 
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different  z  for  Ni-like  ions  we  conclude  that  the  accuracy  of  our 
calculations  for  highly  excited  levels  varies  in  limits  of  0.1-1  eV 
for  different  levels. 

RESULTS  OF  CALCULATIONS 

Numerical  results  of  our  calculations  for  energy  levels  and 
radiative  characteristics  of  Ne-like  argon  are  given  in  Table  1. 
Level  order  numbers,  quantum  numbers,  and  total  moment  J  are  in  the 
first  three  columns.  Our  theoretical  energy  levels  are  given  in  the 
fourth  column.  These  energy  level  positions  were  calculated  with  a 
method  that  effectively  accounted  for  higher-order  perturbation 
theory  corrections  [27] .  In  the  next  column  (5th)  the  experimental 
and  fitting  energy  levels  are  listed  (see  [18] ) .  The  comparison 
shows  agreement  in  limits  of  a  few  hundred  cm,  ’  for  all  states 
calculated.  The  sixth  column  gives  the  radiative  decay 
probabilities  into  the  ground  state  2s"  2p^  for  every  state.  These 
numbers  allow  us  to  determine  low  active  levels,  which  have  the 
largest  values  for  radiative  decay  probabilities  into  the  ground 
state.  The  seventh  column  gives  the  life-time  characteristics  for 
each  level.  Except  for  the  odd  states  with  J=1  the  life  time  of 
each  state  is  determined  by  radiative  decays  into  all  low  lying 
states.  All  possible  4-4  and  3-3  radiative  transition 
probabilities--electric  dipole,  magnetic  dipole  and  electric 
quadruple  transitlons--are  included.  Forbidden  transitions  are  of 
little  importance.  The  eighth  column  lists  the  dominating  decay 
channel,  i.e.,  the  order  number  of  the  low  lying  state  in  which  the 
transition  probability  is  of  the  largest  value.  In  the  ninth  column 
the  branch  coefficient  for  the  dominating  decay  channel  is  given. 
It  shows  the  percentage  of  the  level  population  decay  into  the 
dominating  channel.  The  tenth  column  gives  calculated  wavelength 
for  the  transition  into  the  dominating  channel  (level  in  eighth 
colomn)  for  each  state,  and  last  column  gives  the  experimentally 
measured  wavelength. 

In  Ne-like  ions  there  are  two  levels  2p3;;  Ipj,;  [J  =  0]  and  2pi,;.  Sd,/. 
[J  =  1]  where  correlation  effects  are  difficult  to  take  into 
account.  The  accuracy  of  these  two  calculations  is  «  1  eV  along  the 
isoelectronic  sequence.  Checking  the  accuracy  of  calculations  for 
other  levels  (including  the  highest  levels)  allows  us  to  assert 
that  position  errors  are  limited  to  less  than  1  eV. 

Figure  1  shows  the  promising  laser  transitions  in  Ne-like  Ar.  The 
excitation  energies  of  active  levels  as  well  as  the  energy  of  Ne- 
like  argon  created  fr^m  Na-like  ions  and  the  ionization  potential 
of  Ne-like  Ar  are  presented.  The  wavelength  for  each  possible  laser 
transition  is  supplied  with  the  calculated  radiative  transition 
probability  and  the  branch  coefficient  (the  last  one  sliows  which 
part  of  the  upper  level  population  decays  in  a  given  low  active 
level )  . 

According  to  performed  calculations,  four  lines  in  Ne-like  Ar  are 
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strongest  for  possible  lasing: 


2Pl/2 

3P3,2  [J  =  2] 

-  2p3/2 

3Si/2 

[J=l] , 

A 

=  697 . 6 

A, 

2p3/2 

3p3/2  [J=0] 

-  2P3,2 

3Si/2 

A 

=430.7 

A, 

2Pl/2 

3pi22  [J=0] 

2p2/2 

3Si/2 

[J=l] , 

A 

=712.5 

A, 

2Pl/2 

3Pw2  [J=1] 

2p2/2 

3Si/2 

[J=l] , 

A 

=727.5 

A. 

Special  attention  should  be  paid  to  the  level  2s2p®3s  [J=0]  which 
corresponds  to  the  excitation  of  the  2s  electron  subshell.  The 
energy  of  this  level  excitation  in  Ne-like  Ar  is  comparatively  high 
(330  eV)  ;  nevertheless,  the  electron  collision  rate  for  its 
population  is  high  enough  to  provide  an  efficient  inversion 
population  relative  to  the  low  active  level  2p^,,3Si/.  [J=l]  .  So  the 
search  for  lasing  at  the  transition 

2Si/2  3Si/2  [J=0]  -  2P3/,  3Si,2  [J=1],  X  =157.3  A, 

of  Ne-like  Ar  will  be  of  significant  interest. 

The  numerical  results  of  calculation  for  states  3p"  3d'  4s,  4p,  4d, 
4f  and  3p^  3d^°  4s,  4p,  4d,  4f  of  Ni-like  krypton  are  given  in  Table 
2.  For  Ni-like  ions  levels  3d3/2  4pi/2  Bdj/j  ^p,,.  [J=l],  and 

3d3/2  4p3/2  [J=l]  can  serve  as  low  active  levels. 

Four  laser  transitions  are  possible  here: 


3dc,/2 

4d5/2 

[J=0] 

-  3d3;2  4pi/:,  [J=l], 

A  =312.1 

A, 

3d3/2 

4d3,2 

[J=0] 

-  3d,/;  4pi/2  [J=l]  , 

A  =425.6 

A, 

3d3/2 

4d3/2 

[J=l] 

3d3/2  4Pi/2  [J  =  l]  , 

A  =415.0 

A, 

3d3/2 

4d5/2 

[J=2] 

-  Idj/;  4p3/2  [J=l]  , 

A  =417.8 

A. 

This  approach  gives  us  a  quick  method  of  evaluating  laser 
possibilities  for  any  ion.  Nevertheless,  it  is  necessary  to  look 
completely  through  the  transition  probability  matrix  to  determine 
the  second  and  third  most  important  decay  channels.  Thus  we  are 
able  to  understand  that  in  Kr  IX  the  decay  from  the  high  active 
levels  is  almost  equally  distributed  between  three  low  active 
levels.  The  laser  scheme  for  Kr  IX  is  presented  in  Figure  2.  The 
most  favorable  cases  are  for  Id,,,  4d3,,  [J=0]  and  for  Id,,,-  4dc,/  [J  =  0] 
high  active  states.  They  have  a  relatively  large  branch  coefficient 
for  the  transitions  to  low  active  level.  In  Figure  2  the  very  high 
active  level  3p3/2  4p3/;,  [J=0]  is  also  shown  which  corresponds  to 
fast  3p  subshell  excitation. 

At  the  same  electron  temperature,  the  collision  excitation  rate  of 
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these  levels  is  approximately  the  same  as  the  excitation  rate  oi 
both  of  the  above-mentioned  levels  with  J-0.  However,  there  is  no 
well-separated  dominant  channel  for  radiative  transition  into  the 
fast  releasing  low  active  level. 

The  configuration  3p4p  is  buried  into  the  dense  spectrum  of  3d51 
and  3d61  configurations.  A  more  reliable  prediction  for  a  laser 
scheme  for  Kr  IX  requires  the  inclusion  of  these  configurations 
into  the  consideration.  We  have  confirmed  our  results  by  taking 
into  account  the  states  of  the  3d51  configuration. 

In  Table  3  we  list  calculated  energy  levels  and  radiative 
characteristics  of  Ni-like  molybdenum.  These  data  are  interesting 
for  two  reasons.  First,  molybdenum  could  be  a  possible  experimental 
material  if  we  use  a  gaseous  molybdenum  compound  (with  low  z 
elements)  as  a  medium  for  a  capillary  discharge.  Second,  Ni-like 
laser  scheme  changes  along  the  isoelectronic  sequence  are  of 
appreciable  interest.  Our  preliminary  calculations  of  the  Ni-like 
isoelectronic  sequence  spectroscopic  properties  have  shown  that 
intensity  ratios  of  lasing  transitions  vary  significantly  with  Z. 
This  is  caused  by  large  differences  in  the  radiative  decay 
probability's  dependence  on  Z.  Branch  coefficients  may  also  vary 
significantly  along  Z.  Consider  the  lowest  active  level  in  Ni-Jike 
ions  3d5/2  Ipj^;  [J=l]  as  an  example.  At  low-Z  value  (Z  <  50)  it  does 
not  serve  very  effectively  as  a  low  active  level  for  lasing  because 
of  the  slow  decay  of  this  level  into  the  ground  state.  However,  at 
Z  >  60  the  decay  probability  of  this  level  into  the  ground  state 
becomes  the  largest  of  three  low  active  levels.  Thus,  for  heavy 
elements  thio  xevel  bccoiues  the  main  lasing  level  of  the  three  low 
active  levels. 

The  laser  scheme  for  Ni-like  molybdenum  is  shown  in  Figure  3.  The 
following  three  transitions  are  promising  for  lasing: 


3d, ,2 

4dv: 

[J=0] 

3d3/2  4p),: 

[J-1] , 

X 

-17S  .8 

^  -  4 

3d,,., 

4d,„,, 

[J=2] 

-  3d,,,:  4p,,-. 

[J-1] , 

X 

=251.5 

A, 

3d;,,,: 

4d,,, 

[J=l] 

-  3d,,, 2  4p,/, 

[J-1] , 

X 

=253.7 

A. 

The  first  two  should  have  approximately  equal  intensities,  and  the 
last  one  is  less  intensive.  In  Ni-like  Mo  two  very  high  positioned 
levels  3p,  4p,,;,.  [J=0]  and  3pj/.,  4p;/2  [J  =  0]  are  also  promising  for 

lasing.  According  to  our  calculations  they  are  well  populated  by 
electron  collisions  and  have  rather  high  branch  coefficients  of 
transitions  to  low  active  levels.  Thus,  the  short-wavelength  lines 

3Pi,,  4p.,  .  [J=0]  -  Id,,..  4pi,  [J=l],  X  =b8.''i  A, 

3p,  4p,  [J  =  0]  -  3dv.  4p;  .  [J  =  l],  X  =73.':  A, 

should  be  investigated  in  moic  detail  vxper  i.^wncally  by 
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spectroscopic  metho(is. 

The  level  3d,,.;  4d,  [J  =  l]  is  not  included  in  thi.s  stdienie  In'cause  it 
has  a  small  branch  coefficient  for  transitions  to  1  ov.'  active 
levels . 

According  to  our  estimation,  in  the  collisional  exitat ion  scheme 
with  a  long  plasma  life-time,  the  electron  temperature  which  is 
sufficient  for  strong  collisional  exitation  of  upper  active  levels 
and  lasing  to  occur  is  in  the  same  range  as  the  temperature  to 
effectively  ionize  parent  ions.  For  Ne-like  Ar  and  Ni-like  Kr  we 
should  be  able  to  heat  plasma  to  T„  «  25  eV  to  get  lasing,  and  the 
Ni-like  Mo  scheme  requires  -  40  eV.  v.’ith  X  =  179.8,  253.7  A 
should  take  place  with  approximately  equal  intensities.  The 
transition  at  A  =251.5  A  is  of  lesser  intensity. 

CONCLUSIONS 

The  present  theory  should  be  considered  as  a  preliminary  evaluation 
of  plasma  parameters  required  to  obtain  lasing  ar  definite 
transitions  of  Ne-like  and  Ni-like  ions  of  low  charge  multiplicity. 
Energetic  characteristics  of  laser  schemes  given  heie  demand  a 
plasma  electron  temperature  of  20-25  eV  for  laser  action  to  occur 
at  4d-4p  transitions  in  Ni-like  krypton  by  a  collisional  pumping 
mechanism  of  active  level  populations.  A  plasma  electron 
temperature  of  25-30  eV  is  sufficient  to  produce  lasing  at  3p-3s 
transitions  of  Ne-like  Argon. 

Our  study  confirms  that  a  Ni-like  laser  plajmia  consuiu-r.-  -.n.'puec i ably 
less  input  energy  at  shorter  wavelengths  than  a  M;  laser 
plasi.ia.  However,  the  Ni-like  scheme  demands  a  fev.‘  •im.:;-  moi-- 
electron  density  to  achieve  a  sufficient  gain  coef  t  ic  .i  er,t  .  Tiiis,  is 
due  to  the  larger  number  of  levels  in  Ni-like  icui  as  C'-'iiiicji  ed  with 
the  Ne-like  ion.  Also,  the  Ni-like  scheme  has  thret'  Jow’  active 
levels  instead  of  two  low  active  levels  in  the  Ne-like  scheme,  so 
the  branch  coefficients  for  radiative  transition  piobabi litics  from 
high  active  levels  to  low  ones  in  the  Ni-like  scheme  are 
significantly  less  than  in  the  Ne-like  case. 

We  believe  that  for  both  elements  the  plasma  conditions  for 
producing  laser  radiation  can  be  achieved  using  a  capillary 
discharge  design.  The  most  surprising  result  of  this  work  is  the 
prediction  that  there  is  a  possibility  of  observing  lasing  from 
3p-3d  (vacancy  transitions)  with  wavelengths  of  90-100  A  at 
electron  temperatures  of  25-30  eV  with  a  collision  pumping 
mechanism  of  a  population  of  3p4p  highly  excited  states. 
Calculations  of  electron  collisional  rates  of  excitation  of  heavy 
Ni-like  ions  with  60  <  Z  <  92  were  done,  which  sirov.'e'i  t.riat  t)ie 
collisional  excitation  rate  of  highly  excited  3p4p  [,1  =  0]  states  is 
of  the  same  uruei  as  the  excitation  rate  of  3d4d  [J  =  n]  s.Witcs  under 
the  same  electron  temperatures  [27]  .  That  encourage.s  n;;  '  sup;:)i..')Se 
the  validity  of  this  statement  for  lighter  Mi  like  ionc. 
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A  .acre  exact  calculations  tliat  invest  igates  t  tie  possitiiiit  y  >;! 
generating  laser  radiation  at  tdie  l{/-3d  transitions  of  IJi  -like  i"; 
are  being  performed  now.  It  will  draw  on  the  foundation  >,-i  ttsu-:-/ 
calculations  but  will  nclude  the  dense  spectrum  of  3dti 
configurations . 

EXPE.RI.MENT 

We  have  begun  to  design  and  to  assemble  the  capillary  discharge  x  ■ 
ray  laser  setup  based  on  our  preliminary  estimations  of  plasma 
parameters  required  for  ASE  to  occur.  The  energy  storage  compact 
low-inductance  capacitor  C  =  0.2  uF  with  U,,,,=100  kV  and  L...  =20  nH  was 
chooser  to  drive  the  discharge  current  up  to  50  kA.  This  capillary 
discharge  is  a  prototype  for  a  future  Phase  II  e.xperimientai  set-ug  . 
The  current  capillary  discharge  design  allows  us  to  vary  the 
capillary  diameter  in  the  0.1 -3.0  mm  range  and  the  length  in  the  2  0 
-  120  mm  range.  In  our  final  report  we  will  describe  in  more  detail 
our  design  along  with  the  results  of  MHD  simulation  of  tire 
capillary  plasma. 
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Table  2. 

Energy  levels  and  radiative  characteristics  of  Ni-like  Krypton. 

Kr  IX  (Z=3G) 


1 

2 

3 

4 

5  6  7 
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and  in  4th  coulomn  are  compilation  [31]. 

+  possible  laser  transitions 
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Tab 1 e  2 .  ( cont . ) 
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FIGURE  CAPTIONS. 

1.  A  simplified  energy  level  diagram  for  Ne-like  Ar  showing 
possible  laser  transitions. 

2.  A  simplified  energy  level  diagram  for  Ni-like  Kr  showing 
possible  laser  transitions. 

3.  A  simplified  energy  level  diagram  for  Ni-like  Mo  showing 
possible  laser  transitions. 
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Fig.  2  A  simplified  energy  level 
diagram  for  Ni-like  Kr.  Possible  laser 
transitions  are  shown  by  inclined  lines. 
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